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Abstract

The catalytic @+H reaction on Rh(1 1 1) has been investigated in thé€400~° mbar range using photoelectron emission
microscopy as spatially resolving method. While the reaction without pretreatment of the sample displays simple bistable
behavior, we find that after extended pre-oxidation of the sargple = 2 x 104mbar, T = 770K, 1ox > 24h), low
work function (LWF) areas develop dynamically in the collision of reaction fronts. The LWF areas have been assigned to
subsurface oxygen. We present a simple three-variable model which reproduces the formation of LWF areas in the collision
of reaction fronts. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction areas have been assigned to sub-O based on the ar-
gument that the oxygen underneath the surface plane
Chemical waves on surfaces are usually consid- exhibits a negative dipole moment thus lowering the
ered as strictly 2D reaction—diffusion systems [1,2] WF. In catalytic CO oxidation on Pt(1 1 0), the forma-
but in a number of cases this assumption does not tion of the sub-O species has been linked to the mass
hold as demonstrated in recent years with reaction sys-transport of Pt atoms associated with the«1L «
tems involving oxygen dissolved in the bulk [3-12]. A 1x 2 phase transition [6-8]. However, the formation of
so-called subsurface oxygen (sub-O) species locatedLWF areas has also been observed on Rh(11 1) which
presumably directly underneath the surface plane takesis a structurally stable surface. The question whether a
part in pattern formation as shown for a number of common mechanism for sub-O formation exists in all
systems, RtL00)/CO+ Oy [4,5], Pt(110/CO+ Oy the above-mentioned pattern forming systems remains
[6-8] and RK111)/NO + H> [9,10]. In photoelec- therefore open. Here we present experiments together
tron emission microscopy (PEEM), bright areas in- with a mathematical simulation for the formation of
dicating a reduced work function (WF) dynamically ~sub-O in arather simple reaction, the-©H; reaction
form and disappear as reaction fronts or pulses inter- on Rh(11 1) [11,12]. The formation of a sub-O species
act on the surface. These low work function (LWF) on Rh(111) has already been found in the chemically
more complex system Rh11)/NO + Hy. The sys-
" Corresponding author, Tels 49-511-762-2349; tem studied here can be considered in a way as a less
fax: +49_511_762_4009.' ’ ' complex subset of the Rbh11)/NO + Ho system.
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beam experiments [13,14] and photoelectron diffrac- that we can neglect temperature changes which could
tion [15]. Oscillatory and chemical wave patterns have arise due to the exothermicity of the reaction. For
been found in the NG+ Hy reaction on Rh(111) spatially resolved measurements, we employ PEEM.
[9,12,16]. The @+ H> reaction on Rh(11 1) exhibits  This method images with a resolution of roughlyrh
usually simple bistable behavior but after exposure to a primarily the local WF and is therefore sensitive to
large dose of oxygen (PQ) a rather unusual behavior  changes in the adsorbate layer. Chemisorbed oxygen
was observed. Triangularly shaped reaction fronts ap- which increases the WF is accordingly imaged as dark
peared in the titration with hydrogen which is of course area whereas adsorbates which decrease the WF ap-
in contrast to the isotropic propagation one should ex- pear as bright areas in PEEM. We observe the forma-
pect on an f.c.c. (111) surface [12]. The unusual be- tion of LWF areas only when we expose the Rh(111)
havior can clearly be traced back to the presence of asample prior to the actual experiment to a large dose
substantial concentration of oxygen in the bulk. The of oxygen [11]. This is accomplished here by expos-
oxygen pretreatment is also responsible for another ing the sample to oxygen aio, = 2 x 10~4mbar
type of unusual behavior demonstrated in this paper. and7T = 770K for more than 36 h. The chemisorbed

oxygen is then removed by short exposure tp a

T = 450K andpy, = 2x 10~ mbar until the(1 x 1)
2. Experimental observations pattern of the clean surface is present in LEED. After

that we dose some oxygen onto the surface, so that

We study the reaction in a standard UHV system a layer of chemisorbed oxygen forms, and titrate this

under low pressure condition < 10~*mbap, so oxygen layer with hydrogen. Reaction fronts develop,
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Fig. 1. Formation of low WF areas upon titration of an oxygen-covered surface with hydrogen. Experimental congijtieng0 h, 160 L
0, exposureT = 450K, py, = 4 x 107" mbar. (a)-(c) PEEM images showing the development of a low WF area. Time between frames
is 10s. (d) PEEM intensity profiles taken along the white line indicated in (a).
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as it is also the case without the oxygen pretreatment, if we assume that a certain oxygen concentration in the
but upon collision of the fronts a new species devel- bulk is required to prevent the diffusion of the sub-O
ops. The PEEM images in Fig. 1 show how reaction species into the deeper layers of the Rh bulk, and
fronts coming from different directions all collide ina  (iii) the analogy with CO oxidation on Pt(100) and
central area. When the oxygen-covered area becomedPt(1 1 0) where a rather similar behavior is observed
smaller and smaller, the area enclosed by the fronts with PEEM and where the LWF areas have been asso-
starts to brighten (Fig. 1b). The intensity reaches a ciated with sub-O [4,5]. The adsorption properties and
very high level, until, finally, with the collision of the  the reactivity of an area with sub-O are demonstrated
fronts the LWF area is extinguished and the intensity in the following experiments depicted in Fig. 3.
returns to the initial gray level. When we prepare a sub-O island in a titration exper-
A calibration of the intensity in the system imentand then expose it to oxygen, the whole surface
Rh(111)/NO + Hy displaying similar behavior re-  becomes uniformly dark due to formation of a layer of
vealed that the highest intensity level reached there chemisorbed oxygen. This is demonstrated in Fig. 3b
corresponds to a WF which is 0.8 eV below the level showing the PEEM intensity variation at various se-
of the clean surface [10]. Some details of the PEEM lected spots of the surface. Oxygen can apparently ad-
images should not be overlooked. As shown in Fig. 1b, sorb on top of a sub-O layer but, as can be seen from
dark bands form at the reaction front which later on the time needed for saturation, the sticking coefficient
vanish when the intensity of the LWF area reaches a is slightly reduced. Titration of the oxygen-covered
very high level (Fig. 1c). The change in brightness surface with hydrogen first removes the chemisorbed
and in the front velocity can best be seen in axtb oxygen layer restoring the sub-O island and only in
plot of the PEEM intensity displayed in Fig. 2. a second step is then the sub-O species reacted away.
Below a distance of 15@m, the brightness of the  The local PEEM intensity in Fig. 3c and the inten-
oxygen-covered area starts to increase until, after col- sity profiles in Fig. 3d show that the reactive removal
lision, the surface returns to initial gray level. The of the sub-O layer proceeds via a propagating front.
LWF areas in these experiments have been assigned toA rather unusual behavior can be observed upon ex-
sub-O based on the following arguments: (i) a lower- tending the oxygen pretreatment to 60 h. As demon-
ing of the WF is consistent with the assumed location strated by the sequence of PEEM images in Fig. 4,
of this species underneath the surface plane, (ii) the immediately after the collision of two circular reac-
necessary pretreatment with oxygen can be explainedtion fronts secondary fronts nucleate in the collision
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Fig. 2. x-t diagram demonstrating how the formation of a low WF area between two colliding fronts leads to reduction of the front
velocity. Thex—t diagram was constructed by taking PEEM intensity profiles in a direction perpendicular to the front line. Experimental
conditions as in Fig. 1.
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Fig. 3. Adsorption properties and reactivity of low WF areas. The low WF spot had been prepared through a titration experiment with
230L oxygen exposure] = 450K and pn, = 2 x 10~ mbar: (a) PEEM image showing the low WF spot together with three square
windows inside which the digitized intensity was integrated. Along the vertical line intensity profiles were taken. (b) Local PEEM intensity
variation during @ adsorption at the three selected square windows displayed in (a). (c) Local PEEM intensity variation during titration
of the oxygen which has been adsorbed in (b) with hydrogen. (d) PEEM intensity profiles showing the spatial evolution of the PEEM
intensity during the @ adsorption experiment of (b) and the titration with H (c).

area, propagating from there backwards into the areato a rest (Fig. 4d). The sequence of PEEM images in
where chemisorbed oxygen has just been removed byFig. 4d—f demonstrates how subsequently several of
the primary fronts. these secondary reaction fronts are generated as pri-
These secondary fronts cause a transition of the sur-mary reaction fronts coming from various directions
face to a brighter gray level in PEEM. The velocity collide in the imaged area. The contrast before and
of these secondary fronts is initially much higher than after the secondary front increases with longer dura-
that of the primary fronts but shortly after covering a tion of the oxygen pretreatment suggesting the follow-
certain distance they slow down and eventually come ing tentative explanation. The primary reaction front
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Fig. 4. PEEM images showing the formation of secondary reaction fronts after very long oxygen pretreatmenmgs wit2 h. The
secondary fronts emanate from the area where two primary fronts collide and they propagate from there in the backward direction.
Experimental conditionsT = 450K, po, = 2 x 10-® mbar andpn, = 4.6 x 10-® mbar.

removes chemisorbed oxygen but it does not lead to aln molecular beam experiments with Rh(1 1 1)/0O, Pe-
complete depletion of oxygen in the subsurface region. terlinz and Sibener [14] determined the energy differ-
If, therefore, after the passage of the primary front ence between subsurface sites and the energetically
oxygen from the bulk segregates to the subsurface re-more favorable surface sites as 18 kJmolf we re-

gion and from there to the surface enough chemisorbed strict diffusion into the bulk to just one layer, the sub-
oxygen should soon be available to feed the propaga- surface sites, we obtain the energy difference diagram
tion of a secondary front. displayed in Fig. 5.

The PEEM images (Fig. 1) demonstrated that the
area between two colliding fronts already starts to
brighten when the fronts are still 1p0n apart. This
long-range interaction is apparently transmitted via

diffusing hydrogen on the surface whose diffusion pa-
3.1 The model rameters provide the right length scale [19,20]. Fur-
thermore, we have to assume that co-adsorbed hydro-
gen facilitates sub-O formation. Mechanistically, this
may be caused by distortions of the substrate lattice
thus lowering the activation barrier for diffusion into
. the bulk as indicated in Fig. 5. One arrives at the fol-
Ha + 2% = 2Hag, 02 + 24 — 20a0, lowing set of three equations describing the variation
Oad + Had = OHag+ *,  OHag+Had — H20 + 2x in the oxygen and hydrogen coverages and in the sub-
surface concentratior, with 0 < ¢ < 1:
to which we add the reversible formation of subsurface
oxygen (Qu) 3{%’ — k1pr638° — k283 — 2kafob + DV,
Oad = Osub+ * (1)

3. Simulation

The reaction betweenzHand G proceeds via the
steps of a Langmuir—Hinshelwood (LH) mechanism
[17,18]:
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The terms in the first two equations represent the var-
ious steps of the LH mechanism, i.e., the adsorption
(k1) and desorptionkp) of hydrogen, the adsorption
of oxygen k), the surface reaction to formJ@® (k3)

and the surface diffusion of hydrogedy). The third
equation contains two terms representing oxygen dif-
fusion into the bulk Ks) and segregation of oxygen
to the surfacelg). For the catalytic @ + H reac-
tion, it has been demonstrated that the addition of the
first H atom to chemisorbed oxygen is the slow step,
whereas the subsequent H addition leading 1@tk
fast [18]. Accordingly, we can neglect the OH inter-
mediate and formulate the rate op® formation as
given in Egs. (1) and (2). Since the mobility of hy-

oxygen diffusion. Under typical reaction conditions,
rapid desorption of hydrogen ensures a low hydrogen
coverage £1% of a monolayer). When we calculate
the number of vacant sites available for &lsorption,
6y, we can therefore neglect the hydrogen coverage:

61, = 1 —n(0o + nco),

where the constantsandn. describe the site-blocking
effect of chemisorbed oxygen and sub-O foy &f-
sorption. Sub-O cannot directly block an adsorption
site but only through electronic effects, as it removes
electron density from the Fermi level of the metal.
For dissociative @ chemisorption, two adjacent va-
cant sites are required and this would correspond to
y = 2 in Eg. (2). Often, however, the kinetics 0O
adsorption does not obey this law and in our simula-
tions we found thay = 1 yielded better quantitative
agreement with the experimental data. The lowering of
the energy barrier for oxygen diffusion by co-adsorbed
hydrogen is described by two constaatsandag in

the model as indicated in Fig. 5. Two constants were
chosen because interactions between the co-adsorbed
species may have the effect that the energy barrier does
not decrease by the same amount in both directions.
In order to compare the simulation results with PEEM
measurements, we calculate from the adsorbate cov-
erages the WF which we simply approximate as

drogen is several orders of magnitude higher than that WF = 6o — ¢,
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Table 1

Rates of the elementary steps in the(Rh1)/0O, + H2 reaction

k; Pre-exponential factom? E; (kJmol?) Reference
Hydrogen adsorption; 45x 10°MLs I mbar? [21]
Hydrogen desorptionk, 2 x 1012571 75 [22]
Water formation ks 10%s1 28 [23]
Oxygen adsorptionky 1.36 x 10° ML s~ mbar? [24]

O diffusion into bulk,ks 6x 10%s? 54 [14]

O segregationks 2x10%3s7t 36 [14]
Hydrogen diffusion,Dy 26.8cnfst 38.15 [19]

i.e., we assume that the adsorbate complexes withkinetic terms of Eq. (1) at the previous time stef
chemisorbed oxygen and the sub-O species exhibit theis a spatial discretization index); afterwards, Q@j’l

same dipole moment but with opposite sign. andc"™ were computed by the Runge—Kutta method

_Table_ 1 lists the various constants used in the (keeping the ride-hand side of Egs. (2) and (3) at the
simulations. Other parameters ar@s = 100 x nth step). The hydrogen front speed has been calcu-
10° k\]2/mo|, ag = 135x 10°kJ/mol.n = 1 and  |ated as the front crossed a control space interval.
Ne = <.

The system of Eqgs. (1)—(3) displays a usual bistable 3.2 Simulation results
behavior in which the oxygen-rich stafo = 1, ¢ =
1, 64 = 0) can be characterized as metastable and
the oxygen-free oned§ ~ 0.05 ¢ ~ 0.02 64 ~
(4.0-400) x 103, depending orp and T) is glob-
ally stable. A linear stability analysis shows that in the
presenfp andT range, all eigenvalues are real. More-
over,.97ree - O°1ich o, wherexQich = const and
19-free decreases with higpw, values. Therefore, we
expect propagation of the O-free state as globally sta-
ble with a front speed increasing withy, . It should be
noted that a front connecting the two alternative states
and the hydrogen diffusion are apparently essential for
the formation of the low WF areas. We only get these -WF [au]
low WF areas when a reaction and fronts are present 70 — 0.1
but not in simple adsorption experiments and simu-
lations. Nevertheless, the reason for the WF decrease
is attributed to the reaction kinetics: the chemisorbed 5, _|
oxygen is removed by the reaction at the front, segre- = . — 0
gation of the sub-O to the surface is a slow process, ~ 40 —
thus the differencép — ¢ becomes negative (bright in
PEEM).

In the numerical simulations, Eq. (1) has been 20 0.1
transformed according to an implicit finite difference
scheme and solved with the help of a tridiagonal ma-
trix solver. Egs. (2) and (3) have been solved by a x [um]
fourth-order Runge—Kutta method. The schemes were
combined at each time step in the following way:

() 0575, 657t and g+t were computed writing the

As key experiment, we simulate the titration exper-
iment displayed in Figs. 1 and 2. Fig. 6 displays the
corresponding simulation.

The comparison of the simulated PEEM intensity
during collision of reaction fronts with the experimen-
tal data in Fig. 2 demonstrates that the characteristic
features of the experiment are well reproduced. The
initial conditions of this 1D simulation had been cho-
sen such that inside the island the surface is fully cov-

60 —

100
200
300
400
500

Fig. 6. Simulation of the colliding fronts. The gray-level WF
image. Conditionspy, = 4 x 107" mbar, po, = 3.7 x 10”7 mbar
andT = 450K.
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Fig. 7. Simulation of the colliding frontlo, 01, ¢ and —WF = ¢ — 6o profiles. Conditionspn, = 4 x 10~" mbar, po, =3.7x 10~" mbar
and T = 450K.

ered with chemisorbed oxygdfio = 1) and that the that the segregation of sub-O is no longer fast enough
sub-O reservoir was filled: = 1). Outside the oxygen  to replace the surface oxygen which is reacted away.
island, the adsorbate coverages had been set to zeroAs a consequence, the concentration of sub-O exceeds
Exposure to H leads to the reaction fronts shown in that of chemisorbed oxygen. The contribution of the
Fig. 6. The development of the adsorbate coveragesspecies with a negative dipole moment now dominates,
during the collision is reproduced in Fig. 7. and WF decreases below the level of the clean sur-
In the reaction front, both chemisorbed oxygen and face. The simulated WF shown in Fig. 8 can be com-
sub-O are removed because of the fast segregation ofpared with the experimental PEEM intensity WF pro-
sub-O to the energetically more favorable surface sites. files displayed in Fig. 1d. The experimental result is
When the two reaction fronts have approached suf- reproduced qualitatively in the simulation, where WF
ficiently, the hydrogen coverage in the area enclosed is defined a®o — c.
by the fronts rises and, as a consequence, the reac- Besides the main features, the simulation also re-
tive removal of chemisorbed oxygen accelerates, so produces details like the formation of the dark bands



M.l. Monine et al./Catalysis Today 70 (2001) 321-330 329

-WF [a.u.] leads to an increase of WF. A comparison of the cal-
culated dependence of the front velocity pg, with

the experimental data is displayed in Fig. 9. The ex-
perimental data are well reproduced. The data follow
approximately a square-root-like dependence indicat-
ing that the adsorption/desorption equilibrium of H
is rate-limiting for progression of the reaction fronts.

4. Conclusions and outlook

Experimentally, it has been demonstrated how the
dynamics of a simple bistable surface reaction are
modified when bulk oxygen becomes involved into
the surface processes. Although a direct spectroscopic
proof by in situ experiments for the sub-O species in

] ) ) . ) these experiments is still missing, the interpretation
Fig. 8. Slmul_atlo_n of the colliding fronts: formation c_Jf low WF of the LWF areas as sub-O species is consistent with
areas upon titration of an oxygen-covered surface with hydrogen. . - - .
Conditions: py, = 8 x 10~ mbar, po, = 3.8 x 10~” mbar and all experimental data. The main obstacle in coming
T = 530K. to a detailed mechanistic understanding of the pro-

cesses which play a role here is the lack of understand-

ing of how the transition from chemisorbed oxygen
at the reaction fronts visible in the PEEM images of to bulk oxide formation really proceeds and what the
Fig. 1. These dark bands only appear in the interme- nature of the sub-O species is. Experimentally, there
diate stages of the reaction. They show up as a dip in are only very few techniques available with which a
the PEEM intensity profiles of Fig. 1d. The reason for sub-O species can be characterized, and in any case it
the development of the dark bands is that under certain will be difficult to distinguish between surface, sub-
conditions sub-O is faster removed than chemisorbed surface and bulk species. A clear-cut identification of
oxygen, which can be the case when segregating sub-Ooxygen in octahedral subsurface sites on Rh(11 1) has
replaces the surface oxygen which is reacted away. A been achieved by photoelectron diffraction but it might
relative abundance of chemisorbed oxygen comparedwell be that this species and the species which shows
to the sub-O species results and the dominating con-up in the PEEM experiments are not identical [15].
tribution of the species with a positive dipole moment For the formation of sub-O, a number of aspects play
a role which have not been considered here explic-
itly. The role of adatom interactions which leads to
coverage-dependent kinetic and energetic parameters

2 4 6 8 10 12 14 16

75 has been largely neglected, in particular, the effect of
E 4 high oxygen coverages which are presumably required
f’ s to force the surface oxygen into subsurface sites. In
- - the transition to a bulk oxide intermediate phases be-
2 ‘g’m“’?t’on L tween surface oxygen and bulk oxide will probably
xperiment e ) . .
1 1 form, and the associated change in the lattice constants
ob . . _ will lead to elastic stress which is important for facil-
4 6 8 10 12 14 16 18 itating penetration of surface oxygen into bulk sites.
sz [10'6mbar] Recent theoretical studies have begun to address these
points which are also very important for understand-
Fig. 9. The velocity of the single front motion versps,. Con- ing the so-called “pressure gap” problem in heteroge-

ditions: po, = 2.2 x 10~ mbar and7 = 450K. neous catalysis [25]. Here we have presented a simpli-
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fied model which nevertheless is capable of reproduc-
ing a number of key observations of the experiment.
Clearly, aside from the above-mentioned, mechanis-
tic understanding, the equations need to be refined in
several ways in order for the model to be more real-
istic. Simple Fickian diffusion for adsorbed hydrogen
should be replaced by a formulation which takes into
account site-blocking effects by co-adsorbates. Diffu-
sion should follow the gradient in chemical potential
to account for the changing binding strength of dif-
fusing hydrogen. It is also evident that the change in
adsorption properties on a surface with sub-O should
be treated in more detail. At present, however, not
enough experimental data are available to start suc
a project. The situation may change when quantum
chemical calculations are available which provide the
required kinetic and energetic parameters with some
level of confidence.
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